Context. Age estimation techniques such as gyrochronology and magnetochronology cannot be applied to stars that have exchanged angular momentum with their close environments. This is especially true for a massive close-in planetary companion (with a period of a few days or less) that could have been strongly impacted by the rotational evolution of the host star, throughout the stellar evolution, through the star-planet tidal interaction. Aims. In this article, we provide the community with a reliable region in which empirical techniques such as gyrochronology can be used with confidence. Methods. We combined a stellar angular momentum evolution code with a planetary orbital evolution code to study in detail the impact of star-planet tidal interaction on the evolution of the surface rotation rate of the star. Results. We show that the interaction of a close-in massive planet with its host star can strongly modify the surface rotation rate of this latter, in most of the cases associated with a planetary engulfment. A modification of the surface rotation period of more than 90% can survive a few hundred Myr after the event and a modification of 10% can last for a few Gyr. In such cases, a gyrochronology analysis of the star would incorrectly make it appear as rejuvenated, thus preventing us from using this method with confidence. To try overcome this issue, we proposed the proof of concept of a new age determination technique that we call the tidal-chronology method, which is based on the observed pair P rot, -P orb of a given star-planet system, where P rot, is the stellar surface rotational period and P orb the planetary orbital period. Conclusions. The gyrochronology technique can only be applied to isolated stars or star-planet systems outside a specific range of P rot, -P orb . This region tends to expand for increasing stellar and planetary mass. In that forbidden region, or if any planetary engulfment is suspected, gyrochronology should be used with extreme caution, while tidal-chronology could be considered. This technique does not provide a precise age for the system yet; however, it is already an extension of gyrochronology and could be helpful to determine a more precise range of possible ages for planetary systems composed of a star between 0.3 and 1.2 M and a planet more massive than 1 M jup initially located at a few hundredths of au from the host star.
Introduction
Determining the age of a star and in substance that of a planetary system is of prime importance as it provides information about the characteristic timescale of planet formation and migration that can strongly constrain ongoing planetary models (Ida & Lin 2008; Mordasini et al. 2009 Mordasini et al. , 2012 Alibert et al. 2013) . It can also be used to constrain the star-planet interaction efficiency (Lanza et al. 2011) , the nature of the star (its internal structure and chemical composition) based on stellar models, and the stellar phases the planets were subject to during their evolution (Gallet et al. 2017b ). There are three categories of age determination technique (see Soderblom 2010; Soderblom et al. 2014 and the review of Jeffries 2014 from the 2013 Evry Schatzman school):
-Semi-fundamental techniques, which rely on age-dependant phenomena that are physically well understood (e.g., nucleocosmochronometry based on the decay of long lived isotope, as is used for the Sun); -Model-dependant techniques, such as isochrone fitting in the Hertzsprung-Russell diagram (HRD), asteroseismology, and white dwarf cooling, where the physics is mostly understood, A&A proofs: manuscript no. aanda The color gradient corresponds to the relative rotational departure δP rot = 1 − P rot,isol. /P rot, . Only systems where the planet is still present are plotted. The blue lines (composed of plain circles) depict the evolution of a given star-planet system (P rot,init = 10.8 days and SMA init = 30%R co ) in the P rot, (t) − P orb (t) plane. The red area shows the domain of applicability of gyrochronology analysis.
community with parallax measurements of unprecedented high quality.
Empirical techniques such as gyrochronology (Barnes 2003 ) and magnetochronology (Vidotto et al. 2014 ) also exist. Both are based on the observation that during the main-sequence (MS) phase the evolution of the surface rotation and magnetic field of a star, for a given mass, only depend on age. Provided that the stellar rotation period (respectively magnetic field strength) is measured, gyrochronology (respectively magnetochronology) analysis can be applied. However, as long as the star departs from an isolated state, i.e., if a massive planet (M p > 1 M jup ) orbits at a close separation (less than 0.1 au) around the star, these techniques can no longer be used since star-planet tidal interaction could have modified the evolution of the surface rotation rate along the system's evolution (Gallet et al. 2018) . Consequently, the ages of numerous star-planet systems are currently not known and might appear younger than they really are. In this article we aim to provide the community with a reliable region where these empirical techniques can be used with confidence. We also present the proof of concept of a new age determination technique based on modeling the evolution of the star-planet tidal interaction, and on observation of the surface rotation rate of the host star and current location of the massive planet orbiting it.
Star-planet tidal interaction model
In this section we briefly describe the numerical model used in this work as well as the explored grid of initial planetary systems.
Model
In this work we combined the stellar rotational evolution model described in Gallet & Bouvier (2015) with the modified orbital evolution model used in Bolmont & Mathis (2016) (see Gallet et al. 2018, for details) . The link between the two is done through the tidal dissipation induced by the gravitational interaction between the planet and the host star (see Gallet et al. 2017a) . The stellar structure is provided by the stellar evolution code STAREVOL (see Amard et al. 2016 , and references therein).
The aim of this coupling is to follow the evolution of a given star-planet system, using a realistic approach. This code is specifically designed for stars between 0.3 (fully convective limit) and 1.2 M (almost fully radiative limit), and for planetary systems composed of one close-in planet. The tidal dissipation formalism used in our model is based on the parametrization of Bolmont & Mathis (2016) , which follows the simplified model by Ogilvie (2013) . In this work, the star is assumed to be composed of a radiative core surrounded by a convective envelope both treated as regions of uniform densities. Moreover, in this work we only consider the frequency-averaged tidal dissipation and neglect the frequency response of the tides. Since these are strong assumptions, the derived frequency-averaged tidal dissipation can be in error by about one or two orders of magnitude compared to the actual tidal dissipation (Ogilvie 2013) . In Appendix C we explore the impact on the results presented in this paper of decreasing or increasing the dissipation by two orders of magnitude. We show that it does not affect our conclusion qualitatively. The model also does not include the dissipation in the planet (which is still hardly theoretically constrained) or the magnetic star-planet interaction (see Strugarek et al. 2017) . Moreover, the dissipation inside the radiative core is also currently not physically described and hence not numerically included. However, for hot Jupiters and in the case of circular orbit the typical evolutionary timescale of planetary rotation rate and inclination evolution is so short (10 5 yr) that it can be safe to neglect the effects of tidal dissipation inside the planet (Leconte et al. 2010; Damiani & Mathis 2018) . Taking into account these extra dissipations could shorten the migration timescale during the MS phase and increase the departure from periods derived from wind-driven angular momentum loss, as supposed in gyrochronology analysis.
Finally, in this work we adopted an updated version of the relations from Gallet et al. (2018) that link the initial stellar conditions to the stellar mass M and initial rotational period P rot,init. :
Myr,
Here τ c−e is the coupling timescale between the radiative core and the convective envelope, τ disk the disk lifetime, and K 1 the efficiency of the extraction of angular momentum by the stellar winds (see Gallet & Bouvier 2013 Gallet et al. 2018) . Even if the detailed description of these quantities can be found in Gallet & Bouvier (2015) , we recall the meaning of each of them. The coupling timescale τ c−e controls the characteristic timescale of internal angular momentum transport process. Short timescales correspond to strong coupling. We adjust these values so as to reproduce the rotational distribution of the early MS clusters (e.g., Pleiades, M50, and M35). The disk lifetime τ disk is the duration during which the surface rotation rate of the star is maintained constant (see Rebull et al. 2004) due to the stardisk magnetic interaction. The disk lifetime is fixed by the observation of the rotational distribution of early pre-main-sequence (PMS) clusters (e.g., Orion, NGC 6530, and NGC 2362). Finally, K 1 is the wind braking efficiency that was introduced in the Matt et al. (2012) braking law. It controls the amount of angular momentum that is extracted by the stellar wind.
Grid of initial planetary systems
Using the PROBE 1 code described in Gallet et al. (2018) , we computed a grid composed of 0.5, 0.7, and 1.0 M stars with initial rotational periods between 1 and 11 days (with ∆P rot,init = 0.2 days, and using a parametrization that follows Gallet & Bouvier 2015; Gallet et al. 2018, see above) . We considered 2 M jup and 5 M jup planets initially located at 0. 1, 0.3, 0.4, 0.45, 0.5, 0.55, 0.7, 0.8, 0.92, 0.94, 0.96, 0.98 , and 1.0 R co , with the 1 PeRiod and OrBital Evolution code corotation radius R co given by
where P rot, is the surface rotation period of the host star, G the gravitational constant, M the stellar mass, and Ω = 2π/P rot, the surface angular velocity of the host star. In our model, we assume as initial conditions the rotation period P init and the semi-major axis (SMA) at the time t 0 . The age t 0 is the starting age of our simulations, and corresponds to the age at which the disk dynamically and magnetically decouples from the star. It corresponds here to the disk lifetime (i.e., the end of the disk locking phase) that occurs during the early PMS phase.
We also note that we only consider planets initially inside of the co-rotation radius. This is motivated by the fact that it is well documented (Laine et al. 2008; Laine & Lin 2012; Chang et al. 2012; Bolmont et al. 2012; Bolmont & Mathis 2016) that planets initially (i.e., at the disk lifetime) outside of the corotation radius tend to migrate outward, while the central star is contracting and thus accelerating toward the zero age main sequence. As a consequence, these planets will move outward, while the corotation radius moves inward. The direct effect of this opposite evolution is to drastically reduce the action of the tides induced by the planet on the stellar surface rotation rate. In this case, the central star will simply follow the same angular velocity evolution as its counterpart without a planet, which allows the use of the surface rotation rate, for example via gyrochronology (see Sect. 3), with fairly high confidence.
Gyrochronology and its domain of applicability
By using the numerical model and method presented in the previous section, we investigate the limit of the application of gyrochronology in the case of massive close-in planetary systems.
Nomenclature and definition of the variables
Gyrochronology was initially proposed by Barnes (2003) as a technique to estimate the age of isolated stars. It is based on the behavior of the surface rotation rate of the stars between 0.3 and 1.0 M that seems to evolve as t −1/2 during the MS phase (see Skumanich 1972) .
In this section, and for the sake of clarity, we provide the definitions of numerous variables that will be used in the following: -t 0 is the starting age of our simulations. In our model it corresponds to the end of the star-disk magnetic interaction phase (τ disk ) that depends on the initial properties of the star. -P init is the stellar rotation period at t 0 .
-SMA init is the planetary SMA at t 0 .
-P rot,isol. is the rotation period of a star without a planet.
-P rot, is the rotation period of a star with an orbiting planet.
-δP rot = 1 − P rot,isol. /P rot, is the relative rotational departure between a star with and without planet. -Age x% is the age at which the relative rotational departure δP rot becomes greater than x% (because of a planetary engulfment or strong tidal interactions). -P rot,x% is the rotation period of a star at the specific age Age x% . -P orb,x% is the orbital period of a planet at the specific age Age x% . Fig. 2 . Duration for which the surface rotation rate of a star in a star-planet system departs by more than 10% compared to the same but isolated star (see sect. 3.1 for the definition of the variables). The black dots correspond to planets still orbiting the star, while the red dots are planets that have been engulfed.
-P rot,isol.,x% is the rotation period of a star but without a planet at the specific age Age x% . It is used as a comparison value to quantitatively extract the impact of the presence of a massive planet on the surface rotation rate of the stars. -∆t x% is the time during which the relative rotational departure δP rot ≥ x%. For example, ∆t 0% corresponds to the time it takes for a star to return to the rotational behavior of an isolated star. -Age gyro is the age estimated using a gyrochronology tool and based on P rot,x% . It corresponds to the age estimated using the observed stellar rotation period without information about the rotational history. -Age gyro,isol. is the "real" age of a star estimated using gyrochronology and based on P rot,isol.,x% . It corresponds to the true gyrochronologic age of a star that has never experienced an impact of a planetary companion.
We note that Age gyro,isol. and Age gyro are semi-synthetic ages since they are estimated using the rotation rate provided by the numerical model and the gyrochronology tools calibrated on the observations. The difference between Age gyro,isol. and Age gyro highlights the possible error on the age estimation that can be introduced by the presence of a massive close-in planet. Moreover, in the case of a perfect age-P rot, relationship, Age gyro,isol. and Age x% should, by definition, be identical. However, since Age x% is directly obtained from the stellar model STAREVOL, while Age gyro is calibrated using observations, the two ages are different (see Table 1 ).
In this article we used the gyrochronology calibration described in Delorme et al. (2011) that is slightly different from that proposed in Barnes (2003 Barnes ( , 2007 Barnes ( , 2010 . In Delorme et al. (2011) the calibration of the gyrochronology is done using the SuperWASP cluster data (Pollacco et al. 2006 ) in addition to the properties of the Hyades cluster Age gyro = Age Hyades * (P rot,obs. /P Hyades ) 1/0.56 Myr,
where the period-color relation in the Hyades is given by P Hyades = 10.603 + 12.314
with Age Hyades = 625 Myr. The (J-K s )-mass relation is given by the YREC isochrones extracted at 600 Myr for solar metallicity stars (Z = 0.01757, see An et al. 2007) 2 . Finally, gyrochronology analysis can only be applied to systems whose real age is older than about 100-200 Myr for a 1.0 M star and 500-600 Myr for a 0.6 M star (Barnes 2010; Delorme et al. 2011 ). Figure 1 shows the evolution of P rot, (t) as a function of the SMA(t) expressed in orbital period P orb (t), for the three stellar masses (0.5, 0.7, and 1.0 M ), and the two planetary masses (2 M jup and 5 M jup ) considered in this work. The relation between SMA and P orb is given by
Impact of tidal interaction on rotation
The color gradient corresponds to the variation in δP rot for each
Figure 1 displays the domain of validity of the gyrochronology analysis. In this figure the brightest part corresponds to the region where the star is 10% faster (|δP rot | ≥ 10%) than an isolated star, which corresponds to an error of about 20% on the age estimation using the gyrochronology analysis (Ω ∝ t −α , with α around 0.50-0.56, see Barnes 2007; Mamajek & Hillenbrand 2008; Delorme et al. 2011; Angus et al. 2015) . This region, which depends on the stellar and planetary mass, is located in the left part of each of these plots. For the 1.0 M star, this region is positioned around P orb (t) < 4.2 days (SMA(t) 0.05 au) and P rot (t) between 10 and 50 days. Increasing the planetary mass slightly extends this region toward higher P orb (t) (SMA(t)). Figure 2 shows the characteristic time during which the impact of the star-planet tidal interaction on the surface rotation rate of the star remains above δP rot = 10%, which corresponds to the typical systematical error of the gyrochronology analysis. If the departure δP rot is above 10% during the PMS (age 100 Myr) then the characteristic timescale ∆t 10% decreases with increasing stellar mass. For all the stellar masses, the duration ∆t 10% ranges between a few tens or hundreds of Myr and several Gyr. However, the effect of the impact of the star-planet tidal interaction is visible at longer ages when the planet is engulfed during the MS phase (due to the stable internal structure of the stars during that phase).
If a planet more massive than about 1 M jup and located below 0.1 au is detected orbiting its host star, then applying the gyrochronology would lead to a systematic underestimation of the age of the system by at least 20%. If no planets are detected, but there is a suspicion of planetary engulfment, then the gyrochronology analysis could also lead to significant systematics errors.
In some cases, the gyrochronology cannot be applied even several Gyr after the engulfment (see Fig. 2 ). The GJ 504 system (Fuhrmann & Chini 2015; D'Orazi et al. 2017; Bonnefoy et al. 2018 ) is a striking example of the difficulty of determining the age of a given system even with the use of multiple age estimation techniques. In this case, the available techniques in the literature provide colliding results leading to either a young system (age less than 150 Myr) or an advanced system (age above 2 Gyr).
In the case of GJ 504, the error on the estimation of the age is clearly beyond the 20% error limits that we considered in the previous sections. To investigate whether the presence of a massive planet around a star can produce such a discrepancy in the age estimation, we also considered very strong star-planet interactions with δP rot ≥ 0.9. Table 1 shows the difference in the age estimation using a gyrochronology tool (as used in Delorme et al. 2011 ) between an isolated star and the same star but with a massive planet as companion. We extracted the rotation period P rot,90% , the orbital period P orb,90% (when the planet is still orbiting the star), and the age Age 90% at which the rotation of the star departs by more than 90% compared to the same but isolated star. By using P rot,90% and P rot,isol.,90% , we estimated the gyrochronology ages (Age gyro and Age gyro,isol. ) of these systems so as to extract the error on the age estimation imputable to the star-planet interaction. The difference in age can reach several Gyr. While a systematic error of more than 90% on δP rot only lasts a few tens or hundreds of Myr (see Table 1 , ∆t 90% ), in the case of a 10% error ∆t 10% can reach a few Gyr (see Fig. 2 ). In Table 1 , we list the data for the 2 M jup and 5 M jup planets (for δP rot ≥ 0.1, 0.25, 0.5, 0.75, see Appendix A).
Recently, Metcalfe & Egeland (2018) investigated the limit of gyrochronology from a more intrinsic point of view. In their paper they highlighted a possible breakdown of the gyrochronology relations for stars in their mid-MS phase due to the shutdown of their dynamo driven spin-down process. They showed that during this advanced phase, chromospheric activity should provide a more reliable age estimation than gyrochonology analysis.
Tidal-chronology
Following the work of Gallet et al. (2018) we developed a new age estimation technique based on the measurement of the surface rotation rate of the star and the location of the planet around it. It relies on the fact that the star-planet interaction produces a rotation cycle that can be used to estimate the age of a given close-in system. The four steps of this cycle are as follows:
-1) The system starts its evolution with an initial condition (P rot,init -SMA init ); -2) Given the value of the initial rotation rate of the star and its internal structure at the initial time t 0 , the efficiency <D> ω of the dissipation of the star is estimated; -3) The value <D> ω of the dissipation determines the orbital evolution of the planetary companion; -4) The planetary orbital evolution then modifies the surface rotation rate of the star.
The star-planet system starts again at the first step with a new pair P rot -SMA.
Since the rate of the evolution of the SMA strongly depends on its value (see Eqs. 3-6 in Gallet et al. 2018 ), a given observed pair P rot, (t)-SMA(t) is thus only produced for a small range of possible ages and initial conditions, as long as the observed rotational period of the star is longer than 10 days (see Sect. 4.2). As in gyrochronology, for a rotational period below 10 days, which corresponds to a system younger than about 100 Myr, the tidalchronology technique will provide degenerated solutions.
Description of the tidal-chronology technique
To determine the age of a planetary system we thus computed a grid of star-planet system evolutions composed of a star with P rot,init between 1 and 11 days and a planet's initial SMA between 0.1 and 1.0 R co , for the given stellar and planetary mass that match the observed system's properties.
We chose to express the initial SMA as a function of R co , rather than fixing the range of initial planetary orbits, so as to ensure a good coverage of the initial conditions for which the planet orbits inward (SMA init ≤ R co , 1.8 × 10 −3 < SMA init (au) < 0.09). In the case of outward migration, the surface rotation rate of the star is less impacted by the star-planet tidal interaction.
We then explored the grid so as to extract age at which the observed pair P rot,obs -SMA obs is retrieved. The resulting grid is composed of 714 rotational-orbital evolutions (51 initial rotational periods × 14 initial SMAs) for each star-planet system. We finally estimate the departure of the observed pair P rot,obs -SMA obs to each of the P rot, -SMA pairs from the grid using the expression
where σ SMA obs and σ P orb,obs are the standard deviation of the observed SMA obs and P orb,obs . We also applied a 3D interpolation method using the PythonSciPy griddata routine (to interpolate unstructured 3D data, see Jones et al. 2001) . To investigate the degeneracies of this technique we considered a 0.5, 0.7, and 1.0 M stars and a 2 and 5 M jup planets and computed a grid composed of P rot,init = 1-11 days (with ∆P rot,init = 0.2 days) and SMA init = 0.1, 0.3, 0.4, 0.45, 0.5, 0.55, 0.7, 0.8, 0.92, 0.94, 0.96, 0.98, and 1.0 R co (see Gallet et al. 2018) . Figure 3 shows P rot, (t) as a function of P orb (t), M , and M p , and displays the age as a color gradient. In this figure, P orb (t) is between 0.5 and 12 days and P rot, (t) between 0 and 50 days. It shows that the solutions are indeed degenerated when using only P rot, or SMA, but that they are lifted when using both quantities simultaneously. Additionally, the information whether the planet is still orbiting the star adds another criterion and helps remove these degeneracies. Figure 3 shows that the age linearly increases for increasing P rot, (t) and highlights that for P rot (t) 5 days the degeneracy in the estimation of the age is lifted when using the information about SMA(t). With Fig. 4 we can see that the age dispersion is below 10% for most of the P rot, -SMA space. The degeneracy of the technique is thus quite low and might be a concern only for young systems with ages less than about 100 Myr (which are also beyond the traditional gyrochronology application range) that globally correspond to systems in which P rot (t) 10 days. The degeneracy is mainly due to the high temporal resolution of the models during the PMS that display almost identical pairs P rot (t) − SMA(t) for slightly different ages.
The evolution of the star-planet systems in Fig. 3 starts from the bottom of the P rot, (t)-P orb (t) space, between 1.8×10 −3 au (P rot,init = 1 day, SMA init = 0.1 R co ) and 0.09 au (P rot,init = 11 days, SMA init = R co ) and P rot,init = 1-11 days. Without planetary migration, the evolution of a star-planet system is depicted by a straight line transiting from the brightest (age ≈ 100 Myr) to the darkest (age > 1 Gyr) parts of the figure. It concerns star-planet systems in which the planet is initially located around R co . Figure 4 shows the age dispersion for given P rot, (t)-SMA(t) pairs. It highlights the small degeneracy of the tidal-chronology technique when determining the age of a given planetary system from its observed P rot, (t)-SMA(t) pair. In Appendix B we explore the impact of the precision of P rot, on the degeneracy of the technique.
To produce this figure we first bin the P rot, -SMA space using the classical errors on P rot, and SMA: ∆P rot, = 0.001 days (Howell et al. 2014 ) and ∆SMA = 0.00018 au (Hellier et al. 2011) . Given the range of P rot, and SMA of our models, this binning produced an image composed of 30 million pixels.
To allow a fast exploration of the parameter space, we then randomly selected 10000 pairs and performed a loop over the whole dataset of models so as to look at the age range, i.e., the minimum and maximum age t min and t max , associated with each of these random pairs. We finally estimated the age dispersion Fig. 3 . Synthetic P rot, (t) and P orb (t) estimated for a system composed of a 0.5, 0.7, and 1.0 M star around which orbits a 2 M jup planet (upper panel) and a 5 M jup planet (lower panel). P rot,init = 1-11 days (with ∆P rot,init = 0.2 days) and SMA init is between 0.1 and 1.0 R co (Gallet et al. 2018 ). The color gradient indicates the age (in Myr) at which the pair P rot, (t) − P orb (t) is extracted. Only planetary systems where the planet is still orbiting the star are plotted. The blue lines (composed of plain circles) depict the evolution of a given star-planet system (P rot,init = 10.8 days and SMA init = 30%R co ) in the P rot, (t) − P orb (t) plane. (t max −t min )/t min associated with each of these pairs and plot them in Fig. 4 .
In the case of migrating planets, the evolution of star-planet systems in the P rot, (t)-P orb (t) space depends on their initial conditions. As the star evolves, its surface rotation rate is impacted by the inward migration of the planet. The star-planet system thus moves toward smaller SMA (P orb ) and rotation period (if the acceleration torque produced by the planet is stronger than the braking torque of the stellar winds or the PMS contraction torque, see the blue tracks in Fig. 1) .
The hypothesis of this paper implies that the orbit of the planet is initially circular and coplanar, and remain so, with respect to the equator of the star during the whole stellar evolution. The results above and the tidal-chronology technique are hence only valid within this framework. Moreover, since we simply present the proof of concept of such a technique, for now, the tidal-chronology should be used with caution and in addition to other age determination tools. In the future, and with the increase in the completeness and complexity of our tidal dissipation modeling, we hope that this technique will be reliable enough to derive reliable stellar ages by itself.
In this paper, and because of the nature of the tidal dissipation formalism we use, we only consider isolated star-planet systems composed of one planet that orbits one star because the model that we use does not allow us to follow the evolution of multiplanetary systems. Hence, we do not consider Kozai-Lidov resonance (Kozai 1962; Lidov 1962) , which is present in n-body systems (with n > 3) for a given body with an orbital inclination greater than 39
• . Finally, we also mention the work of Wu & Lithwick (2011) on secular chaos in the evolution of the properties of almost coplanar multiplanetary systems. They pointed Article number, page 7 of 12 A&A proofs: manuscript no. aanda out that strong variations in the orbits of the planets can occur in these kind of system on timescales ranging from a few tens of Myr to a few Gyr.
Observational case: WASP-43
To extract the order of magnitude of the difference in age estimation between standard gyrochronology and tidal-chronology, we decided to apply and illustrate our technique on a specific planetary system, namely WASP-43, for which the rotation rate of the star is well known, as is the location of the orbiting planet.
WASP-43 is a K7V star (corresponding to 0.717 ± 0.025 M ), with T eff = 4520 ± 120 K and solar metallicity [Fe/H] = 0.01 ± 0.012. Around this star orbits a 2.052 M jup planet (Hellier et al. 2011) . The rotation period of the star is estimated at 15.6 ± 0.4 days and the planet is observed at a distance of 0.01526 au from the star. The standard deviations for WASP43 are σ SMA obs = 0.00018 au and σ P orb,obs = 0.4 days (Hellier et al. 2011) . The system's eccentricity is very low (0.0035, see also Bonomo et al. 2017 , for other estimations of hot-Jupiter system parameters) and the inclination is quite high (82 degree), which allows us to apply, at the first order, the dynamical tides formalism of our numerical code.
It is not certain, however, that the eccentricity was this low during the whole system evolution. The main effect of increasing the eccentricity of the systems on the evolution of the dynamical tide is the excitation of multiple frequencies, which can boost the tidal dissipation and thus the evolution of the SMA. These effects are expected to be the strongest during the PMS phase (Emeline Bolmont, private communication). The same kind of effect can appear for the equilibrium tide. High eccentricity can lead to an increase in the transfer of angular momentum from the planetary orbit to the stellar rotation, which implies a faster rate of acceleration of the central star. Figure 5 shows (as a color gradient) the value of S 2 as a function of time, SMA init , and P rot,init . Using the gyrochronology technique based on the Barnes (2007) calibration, the age of WASP-43 was estimated at 400 Myr by Hellier et al. (2011) . With the more recent calibrations of Barnes (2010) and Delorme et al. (2011) , a gyrochronologic age of 0.9-1.0 Gyr can be estimated for WASP43. Using our tidal-chronology technique, the most probable solutions suggest an older system with an age between 2.4 and 9.2 Gyr (see Fig. 5 ) with a minimum S 2 of 0.58 at 5.85 Gyr. A 3D linear interpolation of the observed pair leads to an age estimation of 3.5±1.1 Gyr, which is consistent with our S 2 exploration. The difference between the two estimated ages is also consistent with the global age shift that can be introduced by a massive planet (see Table 1 ).
Impact of the high uncertainty on the tidal dissipation intensity factor
Since the efficiency of the tidal dissipation is currently not well constrained in theory, we decided to explore to what extent the tidal-chronology technique depends upon this intensity. In this section, we thus investigate the impact of a 2 M jup planet on the surface rotation rate of a 0.7 M star and consider a tidal dissipation intensity two orders of magnitude higher (<D> * 100 ) or lower (<D> /100 ) than the averaged values (<D>) from Gallet et al. (2017b) . The results are summarized in Tables C.1 and C.2. They show that the main effect of increasing (decreasing) the global intensity of the tidal dissipation is to increase (decrease) the migration timescale of the planet. The overall conclusions of the paper, however, are not impacted by this tidal-dissipation efficiency effect. More specifically, the intensity of the effect of a given planet on the surface rotation rate of its central star is not impacted by a change in tidal-dissipation efficiency.
The observed properties of the WASP43 system are retrieved (in the case of a 0.7 M and a 2 M jup ) at 3.0 Gyr when using the normal tidal dissipation evolution. When using the reduced efficiency, the age estimation increases to 5.3 Gyr, which is expected given that the tidal timescale is increased when the overall dissipation is reduced. Interestingly, with the increased tidal dissipation, the age estimation is not shorter than that estimated using the normal dissipation, and is evaluated at 4.0 Gyr. With this increased dissipation, most of the close-in planets fall earlier into the central star. Since the main property of WASP-43 is that an orbiting planet is observed, these systems (i.e., the ones without a remaining planet) are discarded, and are no longer used for age estimation. As a consequence, the observed properties of the WASP-43 are retrieved at greater age compared to the normal tidal dissipation age.
Conclusion
We showed that gyrochronology can be applied, with an error on the age estimation below 20%, to massive close-in planetary systems where the orbital period of the massive planet is greater than P orb ≈ 4 days (for a 1 M star and a planet less massive than 5 M jup ). In the range of initial planetary systems' conditions that we explored in this article, we highlighted that this limit increase with the stellar and planetary mass.
In this work, we determined that in the case of planetary engulfment, the effect of the transfer of angular momentum from the planetary orbit to the stellar rotation could persist on a characteristic timescale of a few hundred Myr to a few Gyr (see Table  1 and Fig. 2) . We also investigated more dramatic events where the surface rotation rate of the star departs by more than 90% from the rotation of the same but isolated star. We pointed out that in these scenarios the estimation of the age with the gyrochronology technique can lead to an age that is, in some cases, younger than several Gyr compared to the true age. Such massive departures can survive for tens of Myr to a few hundred Myr after the event, which most of the time is linked to a planetary engulfment, and can cause a more moderate but lasting 10% departure for up to a few Gyr. Provided the star experienced a planetary engulfment in its recent past, this effect could explain the bimodal age estimation of planetary systems such as GJ 504 (Fuhrmann & Chini 2015; D'Orazi et al. 2017; Bonnefoy et al. 2018) for which two incompatible ages are found, depending on the technique employed.
Gyrochronology, if combined with other techniques, can be a convenient and rapid tool for age determination; however, it should be kept in mind that the evolution of the stellar rotation could have been strongly modified by external torques such as star-planet tidal interaction. To overcome this issue, we proposed a proof of concept of a new age determination technique that can be applied to such close-in planetary systems: tidal-chronology. This technique is based on the uniqueness of the path followed by a planetary system on the P rot, (t)-P orb (t) plane.
However, though an improvement over gyrochronology, the numerical and physical description of the tidal dissipation in stellar and planetary interior is currently not good enough to use this age estimation alone; it should be considered with caution and in combination with other age determination techniques. In this work we do not include the dissipation in the planet (which is still hardly theoretically constrained) nor the magnetic starplanet interaction (see Strugarek et al. 2017) . The dissipation inside of the radiative core is also currently not physically described, and hence not numerically included. While the magnetic star-planet interaction torque is only present during the early PMS phase, the extra dissipations (from the planet, from the radiative core, and from taking into account the frequency response of the tidal dissipation) could shorten the migration timescale during the MS phase, and consequently reduce the estimated age of the system. The behavior of these additional mechanisms is unfortunately not yet known, which prevents us from predicting their possible effect and impact on the conclusion reached in Sect. 3. However, while the quantitative results from Sect. 3 might change, we expect its general conclusion to remain the same.
Within these limitations, we developed a promising technique that will benefit the community when all aspects of tidal and magnetic star-planet interactions are included in angular momentum evolution models.
A&A proofs: manuscript no. aanda Article number, page 10 of 12 F. Gallet and P. Delorme: Star-planet tidal interaction and the limits of gyrochronology Article number, page 11 of 12 A&A proofs: manuscript no. aanda Table C .1. Error on the estimation of the age provided by the gyrochronology analysis in the case of |δP| = 0.5. Here we consider a 0.7 M star around which orbits a 2 M jup planet and for <D>= <D> * 100 . We adopted a dissipation that is two orders of magnitude higher <D> * 100 than the frequency-averaged tidal dissipation used in this article. The listed data are for <D> * 100 (left) and <D> (right) and in the case of |δP| = 0.50. We only show data that are in common between the two datasets. The listed data are for <D> /100 (left) and <D> (right).
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